
Gallbladder Epithelium as a Niche for Chronic Salmonella Carriage

Geoffrey Gonzalez-Escobedo,a,c John S. Gunna,b

Center for Microbial Interface Biology,aDepartment of Microbial Infection and Immunity,b and Department of Microbiology,c The Ohio State University, Columbus,
Ohio, USA

Although typhoid fever has been intensively studied, chronic typhoid carriage still represents a problem for the transmission
and persistence of the disease in areas of endemicity. This chronic state is highly associated with the presence of gallstones in the
gallbladder of infected carriers upon which Salmonella can form robust biofilms. However, we hypothesize that in addition to
gallstones, the gallbladder epithelium aids in the establishment/maintenance of chronic carriage. In this work, we present evi-
dence of the role of the gallbladder epithelium in chronic carriage by a mechanism involving invasion, intracellular persistence,
and biofilm formation. Salmonella was able to adhere to and invade polarized gallbladder epithelial cells apically in the absence
and presence of bile in a Salmonella pathogenicity island 1 (SPI-1)-dependent manner. Intracellular replication of Salmonella
was also evident at 12 and 24 h postinvasion. A flowthrough system revealed that Salmonella is able to adhere to and form exten-
sive bacterial foci on gallbladder epithelial cells as early as 12 h postinoculation. In vivo experiments using a chronic mouse
model of typhoid carriage showed invasion and damage of the gallbladder epithelium and lamina propria up to 2 months after
Salmonella infection, with an abundant presence of macrophages, a relative absence of neutrophils, and extrusion of infected
epithelial cells. Additionally, microcolonies of Salmonella cells were evident on the surface of the mouse gallbladder epithelia up
to 21 days postinfection. These data reveal a second potential mechanism, intracellular persistence and/or bacterial aggregation
in/on the gallbladder epithelium with luminal cell extrusion, for Salmonella maintenance in the gallbladder.

Typhoid fever, caused primarily by Salmonella enterica serovar
Typhi (S. Typhi), is a human-specific disease that is responsi-

ble for an estimated 21 million new infections per year, resulting in
approximately 200,000 deaths annually worldwide (1). After con-
taminated water or food has been ingested, bacteria cross the in-
testinal epithelial barrier, are phagocytosed by macrophages, and
spread systematically, producing acute disease (2). However, 3 to
5% of the population infected with S. Typhi become chronic car-
riers, with the gallbladder being a site of persistence (3, 4). These
carriers serve as a critical reservoir for further spread of the disease
through bacterial shedding in feces (5). Chronic infections can
persist for decades, and although highly contagious, they are typ-
ically asymptomatic (6–8). In addition, chronic carriers have an
approximately 8-fold greater risk of developing gallbladder carci-
noma than noncarriers (9, 10). This impact on human health
combined with the high incidence of typhoid fever in many parts
of the world highlights the importance of understanding the
mechanisms involved in typhoid carriage.

Clinical observations of carriers with respect to the difficulty of
eradicating the bacterium with antibiotics and its confinement to
an organ with shedding from this site, coupled with evidence for
long-term invasion of the immune response, are consistent with a
biofilm-related disease (11). Biofilms are communities of micro-
organisms that adhere to each other and to inert or live substrates.
They are typically encased in an extracellular matrix and are asso-
ciated with many chronic and acute human infections (12, 13).
The carrier state is highly related to the presence of gallstones (6,
14, 15). Indeed, studies in our laboratory have shown that Salmo-
nella can form biofilms on the surface of cholesterol gallstones in
vitro and in vivo in the gallbladder of mice and human carriers (16,
17). These reservoirs of bacteria have been demonstrated to be a
mechanism of persistence and chronic colonization. To date, re-
moval of the gallbladder (cholecystectomy) is the most common
treatment for chronic typhoid carriers and gallbladder abnormal-

ities; however, this treatment is both costly and invasive. There-
fore, alternative treatments are needed to eradicate this carriage
state.

Despite the fact that gallstones are associated with chronic car-
riage of Salmonella, patients without gallstones have also been
reported as chronic carriers (18, 19). Previous studies have shown
that Salmonella can invade mouse gallbladder epithelial cells (20)
and can also form biofilms on the surface of various epithelial
cells, including HEp-2 cells and chicken intestinal tissue (21).
However, it is unknown if Salmonella is able to persist in or on the
gallbladder epithelium during long-term carriage. Here, we hy-
pothesized that Salmonella also persists in the gallbladder by in-
vading gallbladder epithelial cells and/or forming biofilms on the
surface of gallbladder epithelia. The elucidation of these mecha-
nisms is crucial for the development of new therapies to eradicate
typhoid carriage, thus blocking the transmission of typhoid fever.

In this study, we not only demonstrate that Salmonella can
persist in and on the gallbladder epithelium by intracellular resi-
dence and by forming epithelial cell surface biofilms, but we also
show that the gallbladder epithelium responds to chronic Salmo-
nella infection in a manner that differs from acute models of in-
fection.
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MATERIALS AND METHODS
Ethics statement. Mice were housed and used in strict accordance with
guidelines established by The Ohio State University (OSU) Institutional
Animal Care and Use Committee (IACUC), and all efforts were made to
minimize animal suffering. The work performed in this study was ap-
proved by the OSU IACUC.

The Ohio State University Animal Care and Use Program is accredited
by The Association for the Assessment and Accreditation of Laboratory
Animal Care International. The protocol identification number is
2009A0057. All research activities must conform to the statutes of the
Animal Welfare Act and the guidelines of the Public Health Service, as
issued in the Guide for the Care and Use of Laboratory Animals (revised
1996).

Bacterial strains and growth conditions. Wild-type and derivatives
of S. enterica serovar Typhimurium ATCC 14028 (JSG210) were used in
these studies. The entire list of strains used is given in Table 1. All cultures
were grown in Luria-Bertani (LB) broth at 37°C with aeration at 225 rpm.
Antibiotics, when needed, where used at the following concentrations:
chloramphenicol, 25 �g/ml; kanamycin, 45 �g/ml; ampicillin, 100 �g/ml.
Construction of complementation strains was not successful for Salmo-
nella pathogenicity island 1 (SPI-1), csgA, and yciE mutants. However, to
verify that their phenotypes were not the result of an unlinked gene, mu-
tations were instead back-transduced by P22HTint into a wild-type back-
ground.

Growth of gallbladder epithelial cells. All tissue culture assays were
performed with dog gallbladder epithelial cells (DGEC) (donation of Sum
P. Lee lab, University of Washington). Cells were grown at 37°C in 5%
CO2 using Dulbecco’s modified Eagle’s medium with a high concentra-
tion of glucose (DMEM-high glucose) (Invitrogen, CA) supplemented
with 10% fetal bovine serum (FBS), 100 �g/ml streptomycin, 100 IU/ml
penicillin, and 1� nonessential amino acids.

Attachment, invasion, and intracellular survival assays. DGEC were
seeded into 24-mm collagen-coated Transwell-COL inserts (Corning,
MA). Polarization and differentiation of the cells were verified by trans-
epithelial electrical resistance (TEER) (�700 � cm�2) using a Millicell
Electrical Resistance System (ERS) (Millipore, MA) and by observation
under transmission electron microscopy (TEM). This process generally
took 8 to 10 days. One day before infection, the medium was exchanged
with serum-free medium with or without 0.3% ox bile (Sigma, MO). This
bile concentration was determined based on tolerance assays in which the
TEER and viability of DGEC were not altered. Infections of epithelial cells
were performed apically for 2 h at a multiplicity of infection (MOI) of 100.
Cells were then incubated with serum-free medium with or without gen-
tamicin (50 �g/ml) for 30 min, washed two times with 1� phosphate-
buffered saline (PBS), and then lysed with 0.1% Triton X-100 for 10 min
at 37°C and 5% CO2. Lysates were then plated on LB medium for bacterial

enumeration. These assays were performed four times in triplicate. The
number of attached bacteria was obtained by subtraction of total bacteria
recovered from wells not treated with gentamicin from the number in
wells treated with gentamicin. Intracellular survival assays were per-
formed two times in triplicate and included 6-, 12-, and 24-h postinfec-
tion time points. For these assays, gentamicin (10 �g/�l) was used
throughout the course of the experiment.

Monitoring of attachment and invasion by microscopy. DGEC were
grown as above, and infections were performed using an MOI of 100 or 10
for 2- and 9-h time points, respectively. The 2-h postinoculation time
point allows observation of bacteria initially interacting/invading the ep-
ithelium, whereas the 9-h time point is primarily for observation of bio-
film/microcolony formation on the epithelium. Cells were then fixed and
observed by confocal microscopy, scanning electron microscopy (SEM),
and TEM according to the protocols described below.

Flowthrough assays. Flowthrough plastic chambers (Stovall Life Sci-
ence, Inc., IA) coated with poly-L-lysine (Sigma) were inoculated with 2 �
106 DGEC and allowed to differentiate and form a confluent monolayer at
37°C and 5% CO2 (4 days total). DGEC were then inoculated with S.
Typhimurium harboring pFPV25.1 (constitutively expressing green flu-
orescent protein [GFP]) (Table 1) at an MOI of 100 and allowed to adhere
for 1 h. A flowthrough system was created whereby DMEM-high glucose
(Invitrogen) supplemented with 10% FBS, 100 �l/ml ampicillin, and 1�
nonessential amino acids with or without 0.3% bile was applied to the
infected DGEC for 12 h at 37°C and 5% CO2 at a flow rate of 270 �l/min.
Cells were then observed with confocal microscopy or SEM as described
below. Biofilm and planktonic cells were also quantified by CFU enumer-
ation. Experiments were performed in triplicate.

Mouse infections. Considering that typhoid fever is a human-specific
disease, modeling of the disease in mice is performed by using S. enterica
serovar Typhimurium (S. Typhimurium) since it produces a typhoid fe-
ver-like disease. Female 129X/SvJ mice (Jackson Laboratories, ME) were
fed a normal diet (Harlan Laboratories, IN) or a normal diet supple-
mented with 1% cholesterol (Sigma) and 0.5% cholic acid (Sigma) for 9
weeks. Mice fed the cholesterol diet developed gallstones in their gallblad-
ders. Mice were then inoculated intraperitoneally with approximately 104

bacteria and sacrificed at 7, 14, 21, and 60 days postinfection (dpi). Feces,
liver, gallbladder, bile, and gallstones were collected, homogenized,
and/or diluted for bacterial enumeration and plating on Salmonella-Shi-
gella agar (Becton Dickenson, NJ). The gallbladder tissues of some mice
were also analyzed by histology, immunohistochemistry (IHC), and elec-
tron microscopy. Data were gathered and combined from two indepen-
dent experiments.

IHC. Mouse tissues were fixed in 10% buffered formalin phosphate
(Fisher Scientific, MA) for 72 h. Tissues were processed by routine meth-
ods, paraffin embedded, cut in sections (thickness, 4 �m), and stained for
IHC using the avidin-biotin complex (ABC) method of the OSU Com-
parative Pathology and Mouse Phenotyping Shared Resource. The pri-
mary antibodies included the macrophage marker anti-F4/80 (1/200
dilution), the neutrophil marker anti-Ly6G (1/200 dilution), and anti-
Salmonella lipopolysaccharide (LPS) (1/500 dilution). All antibodies were
from Novus Biologicals (Littleton, CO). Briefly, sections were treated with
target retrieval solution (for use with F4/80 and Ly6G antibodies) or pro-
teinase K (for use with Salmonella antibodies) for 5 min. Sections were
treated with hydrogen peroxide for 10 min, rinsed, blocked with serum-
free protein for 10 min, and incubated with primary antibody for 30 min.
They were again rinsed and then incubated with mouse-adsorbed biotin-
ylated rabbit anti-mouse antibody (1/200 dilution for F4/80 and Ly6G;
1/1,000 dilution for anti-Salmonella antibody) for 30 min. Samples were
incubated with Vector RTU ABC Elite complex for 30 min, rinsed, incu-
bated with chromogen (diaminobenzidine [DAB]) for 5 min, counter-
stained with hematoxylin, rinsed, treated with 1% ammonium hydroxide,
dehydrated in ethanol, cleared in xylene, and mounted on coverslips.
Histological scoring of inflammatory cell recruitment was performed as

TABLE 1 Bacterial strains and plasmids used in the study

Strain or
plasmid

Genotype or relevant
phenotype

Reference and/or
source

Strains
JSG210 Wild-type S. Typhimurium

ATCC 14028
ATCC

JSG3391 �SPI-1 Steve Libby
JSG3392 �fimAICDHF Andreas Baumler
JSG3132 �csgA Michael McClelland lab
JSG3125 �yciE Michael McClelland lab
JSG1149 Wild-type S. Typhimurium

ATCC 14028(pFPV25.1)
17

JSG3535 �SPI-1 pFPV25.1 This study
JSG3534 �fimAICDHF pFPV25.1 This study
JSG3658 �csgA pFPV25.1 This study
JSG3536 �yciE pFPV25.1 This study

Plasmid
pFPV25.1 GFP constitutive vector Raphael Valdivia and

Stanley Falkow
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follows: 0, absent; 1, mild; 2, mild/moderate; 3, moderate; 4, moderate to
marked; and 5, marked.

Confocal microscopy. DGEC (grown on transwells or flow chambers)
were stained before infection with 5 M Cell Tracker Red CMPTX (Invit-
rogen) according to the manufacturer’s directions. After the respective
postinfection time points, DGEC were fixed with 4% paraformaldehyde
in 0.1 M sodium phosphate, pH 7.4, for 15 min at room temperature,
rinsed, and observed using an Olympus Fluoview FV10.1 instrument.

Electron microscopy. For SEM observations, samples were fixed
overnight at 4°C with 2.5% glutaraldehyde in 0.1 M phosphate buffer– 0.1
M sucrose (pH 7.4), rinsed twice with 0.1 M phosphate buffer, and dehy-
drated by addition of solutions of ethanol in a graded series, as follows:
35%, 50%, 70%, 80%, 95%, 100%. Samples were chemically dried with
consecutive washes of 25%, 50%, 75%, and 100% hexamethyldisilazane
(Ted Pella, CA). Samples were then dried overnight in a fume hood,
mounted on aluminum stubs, and sputter coated with gold for observa-
tion using an FEI NOVA nanoSEM at the OSU Campus Microscopy and
Imaging Facility (CMIF).

For TEM observations, transwells or mouse tissues were fixed over-
night at 4°C with 1.5% paraformaldehyde–1.5% glutaraldehyde in 0.1 M
cacodylate buffer, rinsed, postfixed for 1 h with 1% osmium tetroxide in
0.1 M cacodylate buffer, rinsed again, and stained en bloc in 2% uranyl

acetate with 10% ethanol. Consecutive washes with increasing concentra-
tions of ethanol were performed as described above before the application
of propylene oxide. Samples were then embedded in Eponate resin and
polymerized at 60°C for 16 to 24 h. Sectioning was performed at 80 nm on
a Reichtert Ultracut E ultramicrotome before observation using an FEI
Technai G2 Spirit transmission electron microscope (CMIF).

RESULTS
S. Typhimurium bacteria attach to the surface of polarized
DGEC resembling microcolonies. To model the in vivo host-
pathogen interface and examine the initial interaction of Salmo-
nella with the gallbladder epithelium, bacteria were added to po-
larized monolayers of DGEC. Salmonella was able to attach to the
surface of DGEC regardless of exposure to bile (Fig. 1A). Interest-
ingly, during this attachment, bacteria-bacteria interactions were
observed as early as 2 h postinfection. These early interactions
resemble the formation of microcolonies, widely reported as the
initial process of biofilm formation (Fig. 1B).

S. Typhimurium invades polarized gallbladder epithelial
cells in vitro. Salmonella can invade and replicate within epithelial

FIG 1 S. Typhimurium attaches and invades into/on polarized DGEC in vitro. (A) Apical attachment and invasion (mean plus standard deviation) of S.
Typhimurium bacteria on/into DGEC previously exposed or not exposed to 0.3% bile. Invasion after 2.5 h is shown as a percentage of the inoculum. Exposure
of the epithelial cells to bile significantly decreased bacterial invasion but not attachment. Means between conditions with (�) and without (�) bile treatment
were compared by a Student’s t test (**, P � 0.01; ns, not significant). Experiments were performed in triplicate and repeated four times. (B) S. Typhimurium
attaches to the surface of polarized DGEC, resembling microcolonies. Representative SEM images of uninfected and infected DGEC in the absence and presence
of 0.3% bile are shown. Note the differentiation when cells were exposed to bile. Cells were fixed and processed at 2 h postinfection.
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cells, typically utilizing a type III secretion system to gain entry
into these nonphagocytic cells. S. Typhimurium was able to api-
cally invade in vitro polarized gallbladder epithelial cells that had
or had not been previously exposed to 0.3% ox bile. However, the
exposure of DGEC to bile before infection significantly decreased
bacterial invasion (Fig. 1A). TEM imaging demonstrated that ep-
ithelial cells exposed to bile possessed mucus granules on their
apical sides that were absent in cells untreated with bile (Fig. 2). S.
Typhimurium was intracellularly contained in Salmonella-con-
taining vacuoles (SCV) evident at 2 h postinfection (Fig. 2). Inva-
sion assays were also performed from the basolateral side, but the
number of recovered CFU was observed to be extremely low (data
not shown). Invasion of DGEC was SPI-1 dependent since a
�SPI-1 strain was significantly impaired in the ability to invade
these cells (Fig. 3). This was also supported by SEM observation of
membrane ruffling after 2 h of infection (data not shown), which
is a host cell response known to be mediated by SPI-1 (22).

S. Typhimurium can replicate intracellularly in DGEC re-
gardless of previous exposure of the epithelium to bile. Replica-
tion of bacteria that had invaded the epithelium would aid in
creating an intracellular niche. Intracellular survival assays
showed that S. Typhimurium replicates inside DGEC, thus repre-
senting a good in vitro model to study host-pathogen interactions
in the gallbladder. Up to 12 h postinfection, intracellular replica-
tion was significantly different between DGEC that were un-
treated and those that were exposed to bile, with bile-exposed
DGEC harboring fewer bacteria. However, this difference was not
significant at 24 h postinfection (Fig. 4A). Monitoring of the in-
tracellular behavior of S. Typhimurium by TEM revealed that af-
ter 9 h postinfection, Salmonella bacteria were observed actively
replicating inside an SCV. In accordance with the CFU results, the
bacterial burden appeared higher in the absence of bile. Interest-

ingly, when these cells were highly loaded with bacteria, some
epithelial cells were observed to be translocated to the extracellular
environment, in agreement with a process observed by Knodler et
al. (23) (Fig. 4B). Impaired microvillus architecture was also evi-
dent. These phenotypes were not observed in a �SPI-1 strain (data
not shown).

S. Typhimurium forms extensive cellular aggregations/bio-
films on the surface of DGEC. In addition to bacterial invasion of
the gallbladder epithelium, the growth and biofilm formation on
the surface of the epithelium would aid in chronic colonization.
Flowthrough experiments verified the ability of Salmonella to ad-
here to and form extensive bacterial foci on the surface of DGEC at
12 h postinoculation (Fig. 5). Extrapolymeric substance produc-
tion comprising the biofilm matrix was evident, as observed by
electron microscopy. Biofilm formation occurred regardless of the
presence of bile in the tissue culture medium during the length of
the experiment. However, CFU enumeration revealed that in the
presence of bile, the number of bacteria recovered from biofilms
was increased (8 � 108 	 2.1 � 107 CFU/ml) compared to the
number from biofilms on DGEC in the absence of bile (8.5 � 108 	
1.4 � 108 CFU/ml). This difference was statistically significant by
a Student’s t test (P � 0.05).

Curli and yciE affect invasion into and biofilm formation on
DGEC. Considering the observed phenotypes, we tested bacterial
factors already reported or highly suggested to affect Salmonella
invasion and biofilm formation. A �SPI-1 mutant was used as an
invasion-deficient strain, and strains lacking type 1 fimbria struc-
tural subunits (�fimAICDHF strain), the curli fimbria main sub-
unit (�csgA strain), and the stress-related gene yciE (shown in a
related study to be highly upregulated during biofilm formation
on glass and cholesterol surfaces) (data not shown) were tested as
potential strains defective in attachment/biofilm formation. Ex-
periments were performed with DGEC previously exposed to
0.3% bile.

In addition to the already mentioned effect on invasion, a
�SPI-1 strain also showed impaired attachment compared with
that of the wild type (data not shown). However, �SPI-1 bacteria
could form bacterial foci after 9 h of infection in a manner similar
to that of the wild-type strain (Fig. 6). Thus, impaired invasion did
not result in altered microcolony/biofilm formation on DGEC.
The �fimAICDHF strain did not show a significant difference in

FIG 2 Exposure of DGEC to bile decreases invasion by S. Typhimurium.
Representative TEM images showing uninfected or S. Typhimurium-infected
DGEC in the absence or presence of bile are shown. Solid arrows, Salmonella-
containing vacuoles; dashed arrows, mucus granules that were only present in
DGEC exposed to bile. Cells were fixed and processed at 2 h postinfection.

FIG 3 SPI-1, curli fimbriae, and yciE but not type 1 fimbria mutants decrease
invasion into DGEC in vitro. Invasion relative to the wild-type (wt) level (mean
plus standard deviation) of S. Typhimurium mutants into DGEC exposed to
0.3% bile at 2.5 h postinfection. Means of wild-type and mutant values were
compared by a Student t test (**, P � 0.01; ***, P � 0.001). Assays were
performed in triplicate on two separate occasions.
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its invasion or biofilm formation abilities compared with the
wild type (Fig. 3 and 6). However, the �csgA and �yciE strains
showed no difference in initial attachment (data not shown) but
demonstrated a significant decrease in invasion into DGEC and im-
paired microcolony formation on DGEC (Fig. 3 and 6). Thus, SPI-1
and type I fimbriae are not required for biofilm formation on DGEC,
but csgA and yciE are important for both invasion and biofilm forma-
tion. These results were also verified by SEM imaging (data not
shown).

In vivo assays recapitulate the invasion, intracellular sur-
vival, extrusion, and microcolony formation shown in vitro. By
using wild-type (NRAMP�/�, where NRAMP is natural-resis-
tance-associated macrophage protein) mice with gallstones, we
have developed a mouse model of chronic gallbladder infection
that more appropriately mimics human infection than the com-
monly used acute infection mouse models (16). In the current
study, infecting bacteria could be recovered from feces, liver,
spleen, pancreas, gallbladder tissue, and gallbladder bile. Bacterial
loads in the liver, gallbladder tissue, and gallbladder bile were al-
ways higher in mice harboring gallstones, especially at later time
points such as 21 and 60 dpi (Fig. 7A). Bacteria were also isolated
from gallstones at all time points, with higher numbers at later
time points such as 21 and 60 dpi (Fig. 7B).

In vivo experiments using our chronic model of typhoid car-
riage corroborated the in vitro findings of invasion and intracellu-
lar replication of Salmonella into gallbladder epithelial cells
(Fig. 8). In addition to the enumeration of Salmonella in mouse
tissues, we were interested in monitoring the precise localization
of Salmonella in the gallbladder as well as the gallbladder response
during the transition from acute to chronic infection (e.g., 7 to 14
dpi) and during chronic stage (e.g., 21 to 60 dpi) in the absence
and presence of gallstones. For this purpose, we monitored Sal-
monella infection at 7, 14, 21, and 60 dpi by TEM and IHC. TEM
imaging showed damage of the gallbladder epithelium in infected
mice up to 21 dpi, clearly affecting the microvilli and the integrity

FIG 4 S. Typhimurium can replicate intracellularly in DGEC. (A) Intracellular replication of S. Typhimurium in DGEC cultured with or without bile
measured as CFU/ml. There is statistical significance between no bile and bile treatments at all time points except 24 h postinfection (*, P � 0.05, by a
Student’s t test). (B) Representative TEM images showing infected DGEC at 9 h postinfection with S. Typhimurium in the absence or presence of bile. In
the absence of bile, bacteria were seen replicating inside SCV in higher numbers than in cells exposed to bile. Cell/cell debris being released to the
extracellular environment was also observed.

FIG 5 S. Typhimurium forms extensive cellular aggregations/biofilms on the
surface of DGEC. Representative SEM images of S. Typhimurium biofilms on
DGEC at 12 h postinoculation in a flow chamber in the absence or presence of
0.3% bile are shown. The presence of bile modestly increased biofilm forma-
tion.
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of the tight junctions (Fig. 8). The presence of gallstones per se also
caused these phenotypes but to a lesser extent. In contrast to in
vitro observations, the SCV were always seen containing only one
or two bacteria. Macrophages were actively recruited and seen
engulfing Salmonella bacteria (Fig. 8). IHC detection of Salmo-
nella also showed the bacterium colonizing the lamina propria
(Fig. 9).

As observed in vitro, at 21 dpi extrusion of infected epithelial
cells was also evident, further suggesting an alternative mecha-
nism for gallbladder persistence and transmission (Fig. 8). At 60
dpi, we were still able to observe SCV in the gallbladder epithe-
lium, which corroborates the intracellular persistence of Salmo-
nella in this niche (Fig. 8). Interestingly, the gallbladder epithelia
tended to recover at 60 dpi, which was evident by recovery of tight
junction and microvillus normal architecture (Fig. 8). In the ab-
sence of gallstones, this was concomitant with low bacterial bur-
den (Fig. 7 and 9). In contrast, in the presence of gallstones, re-
covery of the epithelium was also evident but along with a
moderate bacterial burden (Fig. 7).

Bacteria were seen extracellularly attached to the surface of the
gallbladder epithelium, forming microcolonies at 21 dpi. This
phenotype was not seen earlier, and it was present only in mice
harboring gallstones (Fig. 10). Bacteria were still seen at the sur-
face of the epithelium after 2 months of infection although they
were sometimes difficult to observe because of extensive mucus
production due to the presence of gallstones and/or the inflam-
matory response.

Inflammation of the gallbladder is primarily macrophage re-
lated during chronic salmonellosis. The decreased Salmonella
colonization in the gallbladder of mice without gallstones led us to
the hypothesis that an effective immune response is different in
mice with and without gallstones. Thus, as an initial indicator, we
monitored by IHC the presence of macrophages and neutrophils.
Examination of mouse gallbladder tissues showed that in the ab-
sence of gallstones, macrophages and not neutrophils comprise
the primary cellular infiltrate throughout the course of infection

(Fig. 9 and Table 2).These patterns seem to be specific for gallblad-
der tissue since histopathological analysis of liver sections revealed
that neutrophils and macrophages were actively present at all time
points, with histological scoring (median) for macrophage re-
cruitment as follows: at 7 days, 3; 14 days, 3; 21 days, 2; 60 days, 3.
Scoring for neutrophil recruitment was as follows: at 7 days, 3; 14
days 2; 21 days, 2; and 60 days, 2. These data provide evidence that
in the absence of gallstones, the immune response against chronic
Salmonella infection in the gallbladder is mostly macrophage re-
lated.

In the presence of gallstones, macrophages and neutrophils
were also observed at all time points in both infected and unin-
fected mice (likely due solely to the presence of gallstones). Al-
though the recruitment of macrophages was observed at all time
points, neutrophils were highly recruited at 21 and 60 dpi (Table
2). In addition, histopathology analysis also showed epithelial hy-
perplasia and hyalinosis. These data provide evidence that when
gallstones are present, chronic inflammation is mediated by both
macrophages and neutrophils, which along with epithelial
changes (e.g., hyperplasia) may contribute to Salmonella carriage.

DISCUSSION

These studies describe the in vitro and in vivo interactions of S.
Typhimurium with gallbladder epithelial cells. These assays un-
covered two potential (non-gallstone-associated) mechanisms by
which Salmonella can establish a persistent infection in the gall-
bladder during chronic carriage: biofilm formation on the epithe-
lium and intracellular persistence within the epithelium, coupled
with cell extrusion. We demonstrated that in vitro, Salmonella
infection of polarized gallbladder epithelial cells corroborates in
vivo mouse model findings and thus represents a good model for
host-pathogen interaction studies. These DGEC have been inten-
sively used for physiological studies, which supported their use as
a model for human gallbladder epithelial cells (24–29). The per-
centage of S. Typhimurium invasion obtained in this study is rel-
atively lower than results of other studies with polarized epithelial

FIG 6 Curli and yciE affect biofilm formation on DGEC. Representative confocal images are shown of DGEC uninfected or infected with wild-type S.
Typhimurium and mutants at 9 h postinfection in the presence of bile. All bacterial strains harbor the plasmid pFPV25.1 constitutively expressing GFP. DGEC
are stained with Cell Tracker Red CMPTX. All images have a magnification of �60.
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cells such as the dog kidney epithelial cell line (MDCK) and T84
cells, where approximately 4 to 5% of the inoculum could invade
after 25 min of infection for MDCK cells or after 1 to 2 h of
infection for T84 cells (30–32).

It is noteworthy that DGEC were exposed to bile during at least
part of all assays to mimic closely the gallbladder environment. It
is known that bile exposure increases mucus production, which
contributes to bile sterility (27, 33). We observed that DGEC ex-
posed to bile had increased numbers of apical mucus granules,
which could explain the decreased invasion we obtained when
these cells were pretreated with bile. It has also been shown that
LPS increases mucus production (34). Thus, mucus induction
represents an innate response of the gallbladder for initial protec-
tion against pathogens. Regarding the pathogen, bile is an envi-
ronmental signal that alters expression of many Salmonella genes
(35, 36), including those that decrease invasion of epithelial cells
by downregulating SPI-1 gene expression (37). However, bile was
removed from the DGEC prior to bacterial addition in invasion
assays, so SPI-1 regulation is likely not directly responsible for the
observed invasion defects seen in Fig. 1. Bile is also known to
increase biofilm formation (38). This was also observed in our in
vitro studies of biofilm formation on DGEC, although not dra-

matically, where cells exposed to bile had more bacteria attached
to their surfaces after 12 h of flowthrough.

Corroborating in vitro observations, the mouse model demon-
strated that Salmonella was able to attach to, invade, and replicate
in the gallbladder epithelium. We demonstrated by TEM and IHC
analysis that Salmonella is able to persist in the gallbladder epithe-
lium up to 2 months postinfection. The presence of gallstones
increased the bacterial loads in the liver, gallbladder, and bile. This
is in accordance with previous findings in our laboratory (16)
where we monitored Salmonella carriage for a shorter time period.
Although we did not detect Salmonella by CFU counts in the ab-
sence of gallstones at 60 dpi, we were able to detect the bacteria in
the epithelial layer by TEM and IHC. It is unclear why there was
this discrepancy. In addition, mice without gallstones still pos-
sessed bacteria in the liver, thus putting the gallbladder at risk for
transient or permanent colonization by Salmonella. In support of
this observation, it was common to recover bacteria from bile but
not from the gallbladder tissue in the same mouse.

We also observed Salmonella-containing cells being extruded
from the epithelium both in vitro and in vivo, further implicating
the gallbladder epithelium as a facilitator of the innate defense
response. This phenomenon has been reported to be a pyroptosis-

FIG 7 The presence of gallstones enhances Salmonella colonization at 60 days postinfection. (A) S. Typhimurium enumeration in different mouse sites at 7, 14,
21, and 60 days postinfection. Although all sites showed more bacteria in mice harboring gallstones, the difference was only significant by a Student’s t test at 60
dpi in the liver, gallbladder tissue, and bile (*, P � 0.05). (B) S. Typhimurium enumeration on gallstones at different days postinfection. Bacteria were recovered
in higher numbers from gallstones at later time points (21 and 60 dpi), but this difference was not significant (analysis of variance test) from amounts at earlier
time points (7 and 14 dpi). Data were gathered from two different experiments. ns, not significant. nd, not detected.
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related, caspase-1 event triggered by flagellin of intracellular Sal-
monella. Signaling events result in proinflammatory cell death,
releasing bacteria to the extracellular environment (23, 39). We
believe that the liberation of Salmonella to the gallbladder lumen
may play an important role in chronic carriage and dissemination
by releasing bacteria that can recolonize the gallbladder epithe-
lium or gallstones or that can be shed into the intestine for release.

Biofilm formation on gallstone surfaces has been shown to be
the primary mechanism of Salmonella persistence in the gallblad-
der (16). Here, we showed both in vitro and in vivo that Salmonella
is also able to form cell aggregates that appear to be biofilms on the
gallbladder epithelium. It is unknown if these in vivo bacteria
come from the gallstone surfaces or from the intracellular niche to
colonize the epithelium, but biofilm formation on the gallbladder
wall might represent an adaptation occurring during the chronic
state of the disease. In support of this, there are epidemiological
data showing that human chronic typhoid carriers from areas of
endemicity possess bacterial aggregates attached to the surface of
the gallbladder epithelium (S. Baker, personal communication).
In the absence of gallstones in vivo, however, epithelial surface
biofilms do not seem to be the primary mechanism of persistence,
as we only detected biofilms on the epithelial surface of infected
mice harboring gallstones in our model. This suggests that in the
absence of gallstones, invasion of the gallbladder epithelium may
be the primary mechanism of persistence. In the presence of gall-
stones, all three mechanisms (gallstone biofilms, epithelial cell
biofilms, and cell invasion with cell sloughing) may be active.

Considering the potential role of invasion and biofilm forma-
tion in perpetuating Salmonella carriage in the gallbladder, we

studied bacterial factors that could be involved in these pheno-
types. We hypothesized that invasion-deficient mutants may
build up on the epithelial cell surface, resulting in an increase in
microcolonies/biofilms. We found that this was not the case be-
cause an invasion-deficient mutant (�SPI-1) attached and formed
microcolonies on the surface of the epithelium in vitro. In support
of this, SPI-1 mutants still firmly attach to the surface of the mouse
cecum epithelia in resistant mouse strains (40).

Type 1 fimbriae are reported to be important for biofilm for-
mation on HEp-2 tissue culture cells and in vivo on mouse and
chicken intestinal epithelial cells (41–43). In contrast to this, it has
been previously noted that different fimbrial types are required to
colonize specific organs and that type 1 fimbriae are not required
for persistence in mouse intestines (44, 45). Here, we show that
genes encoding the structural components of the fimbriae shaft
(fimAICDHF) are not required for attachment/biofilm on or in-
vasion into gallbladder epithelial cells. In addition, results in our
laboratory have also showed that a hyperfimbriate strain does not
demonstrate increased attachment to gallstone surfaces (46). We
have also shown, in our model of chronic carriage, that type 1
fimbria mutants colonize the mouse gallbladder in a manner sim-
ilar to the wild-type strain (data not shown). Thus, while this
could be a niche-specific phenotype, our evidence points to the
lack of a role for type 1 fimbriae in gallbladder epithelial cell bio-
films.

Curli fibers are widely reported to be an important component
of the extrapolymeric substance that comprises the Salmonella
biofilm matrix upon interaction with surfaces, including epithelial
cells (43, 47–51). Although our results show that strains lacking

FIG 8 In vivo assays recapitulate invasion, intracellular survival, and extrusion. Representative TEM images of the mouse gallbladder epithelium in the absence
and the presence of gallstones are shown. Damage of the gallbladder epithelium is evident at all days postinfection including in uninfected mice with gallstones.
SCV are indicated with solid arrows and were observed containing only one or two bacteria. Dashed arrows indicate cholesterol crystals. Macrophages (M) were
sometimes observed harboring SCV. Neutrophils (N) were actively seen engulfing cholesterol crystals. The release of epithelial cells was commonly seen,
especially at 21 dpi. Regeneration of tight junctions was evident especially by 60 dpi. However, Salmonella was still seen intracellularly in mice harboring
gallstones.
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csgA (encoding the main subunit of curli) are still able to attach to
DGEC, they were not able to form microcolonies/biofilms on the
surface of the gallbladder epithelium. This phenotype is similar to
the csgA mutant phenotype observed on chicken intestinal tissue

(21). It is also in accordance with studies on plant surfaces, where
csgA and csgB genes were not required for initial attachment but
for extrapolymeric substance production that characterizes ma-
ture biofilm (52).

The yciE gene belongs to the operon yciGFE-katN, which is
RpoS dependent, and it is upregulated in the presence of bile (36,
53–55). In addition, this gene was found to be 51-fold upregulated
in biofilms on glass and cholesterol surfaces in a bile-containing
medium (data not shown). The precise physiological role of most
of the genes within this operon is unknown, but since yciE encodes
a putative cytoplasmic protein and is upregulated during biofilm
formation in the presence of bile, we hypothesized that this gene
might be important for DGEC attachment/biofilms and/or inva-
sion. In fact, a yciE mutant was highly impaired in not only biofilm
formation but also invasion. This suggests that yciE may be im-

FIG 9 Inflammation of the gallbladder is mostly macrophage related during infection in the absence of gallstones. Images show immunohistochemical analysis
of representative sections of the gallbladder epithelium in the absence of gallstones from uninfected or infected mice at 7, 14, and 60 dpi by using anti-Salmonella
LPS, anti-F4/80 (macrophage marker), and anti-Ly6G (neutrophil marker) antibodies. Brown areas are positive. The recruitment of macrophages was the
hallmark throughout the course of infection.

FIG 10 S. Typhimurium can form microcolonies on the surface of the mouse
gallbladder epithelium. Representative SEM images of uninfected/infected
mouse gallbladder epithelium in the absence or presence of gallstones are
shown. Salmonella microcolonies were observed on the epithelium only of
mice harboring gallstones and only at 21 dpi.

TABLE 2 Histological scoring of macrophage and neutrophil
recruitment in mouse gallbladder tissue at different days postinfection

Time point
(dpi)

Histological score by and condition and cell typea

� Gallstones � Gallstones

Macrophages Neutrophils Macrophages Neutrophils

Uninfected 0 0 2 2
7 2 1 2 1
14 3 1 2 2
21 2 1 3 3
60 1 0 3 3
a The absence (�) or presence (�) of gallstones is indicated.
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portant in allowing bacteria to endure a bile-containing environ-
ment, and thus its absence could impair colonization of the gall-
bladder epithelium. Supporting this, we have previously shown
that RpoS is necessary for biofilm formation on glass and gallstone
surfaces (56).

During gallbladder colonization, Salmonella has to over-
come the gallbladder innate immune response, including the
observed recruitment of macrophages and neutrophils in our
in vivo model. In acute models of typhoid fever, it has been
demonstrated that neutrophils are actively recruited to the
gallbladder lumen as a result of Salmonella invasion (20). Here
in our model of chronic carriage, we show that the less bacte-
ricidal macrophages, not neutrophils, comprise the primary
infiltrating cells in the gallbladder tissue, which may facilitate
the development of chronic carriage. However, in the presence
of gallstones, in addition to macrophages, neutrophils were
also highly recruited at 21 and 60 dpi, which suggests an exac-
erbated inflammatory environment that, along with hyperpla-
sia of the gallbladder epithelium, can also contribute to Salmo-
nella persistence.

Based on these observations, we propose a model for chronic
carriage in the absence or presence of gallstones. In the absence of
gallstones and during acute stages of infection, Salmonella reaches
the gallbladder from the liver and encounters mucus, surface IgA
(sIgA), and other innate immune components present in bile and
in or on the gallbladder epithelium that likely decrease bacterial
load. Bile will limit Salmonella invasion into the epithelium, but
the bacteria may escape bile when it is within the mucus layer
surrounding the epithelium. Some bacteria will invade and, once
inside the gallbladder epithelium, actively replicate and in the long
term remain intracellularly with a relatively low bacterial load,
decreased active inflammation, and intact epithelia. Some cells
with replicating bacteria will likely be extruded via pyroptosis.
Other bacteria reaching the gallbladder lumen may attach to the
surface or be cleared by phagocytic cells or shed into the intestine.
Although biofilm formation on the gallbladder epithelium does
not appear to be a frequent phenomenon in our in vivo model,
evidence from human carriers does suggest that bacterial foci on
the epithelial cell surface occur (S. Baker, personal communica-
tion).

In addition to the factors mentioned above, in the presence
of gallstones Salmonella encounters an already inflamed gall-
bladder (mediated by both neutrophils and macrophages).
Also as a result of the presence of gallstones, there is increased
epithelial proliferation (hyperplasia), mucus production, and
altered bile composition (57–59). This environment may ben-
efit Salmonella not only in colonization of the compromised
gallbladder epithelium but also in attachment to gallstone sur-
faces, resulting in prolonged carriage of bacteria in all gallblad-
der niches.

There are still many questions to answer, including how
Salmonella is able to persist in the gallbladder in the presence of
an immune response while the host remains primarily asymp-
tomatic. It is likely that both the bacterium and host respond to
the milieu and one another, resulting in a permissive environ-
ment responsible for this chronic infection. The findings of
future studies related to this unique host-pathogen interface in
the gallbladder will provide more insights about how chronic
carriage occurs and persists as well as new treatment/preven-
tive strategies.
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